observed in the ERN group compared to placebo, but not in the ERN-L group compared to placebo (p = 0.36 and 0.97 for ERN-L and placebo, respectively), despite equivalent declines in serum phosphorus. Similarly, the most marked declines in PTH occurred in the ERN-only group versus placebo; no change in PTH was observed in the ERN-L group. Conclusions: In this ancillary study of hyperlipidemic patients with an eGFR of 30-74 ml/min/1.73 m 2 , ERN alone but not in combination with laropiprant lowered FGF23 and PTH concentrations. If confirmed, niacin may provide a novel strategy to decrease phosphorus, FGF23, and PTH concentrations in patients with chronic kidney disease.
Introduction
Hormones that influence phosphorus metabolism are altered early in the course of chronic kidney disease (CKD) [1] . However, serum concentrations of phosphorus are maintained within normal limits until the glomerular filtration rate (GFR) falls to less than approximately 35 ml/min/1.72 m 2 [1] . It is now well known that higher serum phosphorus concentrations are associated with death, cardiovascular events, and vascular calcification in human studies, both in the general population and among patients with CKD. Such associations are evident even at phosphorus concentrations that remain within the normal laboratory range. Greater concentrations of fibroblast growth factor-23 (FGF23) [2] [3] [4] constitute one of the earliest physiological trade-offs to maintain renal phosphorus clearance in the face of declining GFR. Recent reports link these elevations in circulating FGF23 to multiple adverse outcomes including cardiovascular disease (CVD) and kidney disease progression [5] [6] [7] [8] [9] , and suggest that during the earlier stages of CKD [2] FGF23 may be a more sensitive biomarker of phosphorus metabolism than serum phosphorus concentrations.
Given consistent associations of phosphorus concentrations with CVD, we and others have hypothesized that phosphorus lowering may lead to a reduction of cardiovascular risk among patients with CKD. However, recent studies have demonstrated that use of oral phosphorus binders have little effect on serum phosphorus concentrations in CKD [10] [11] [12] [13] . In contrast, the phosphorus-lowering effects of niacin have recently been recognized [14] [15] [16] . Niacin and niacinamide inhibit active sodium-dependent intestinal phosphorus co-transport in the small bowel; this transport mechanism is responsible for approximately 50% of intestinal phosphorus absorption [15, 17, 18] . Studies in patients with end-stage renal disease have suggested that niacin may have hypophosphatemic effects comparable to calcium acetate or sevelamer [19, 20] , although less is known in CKD. In post hoc analysis from a placebo-controlled trial of patients who had dyslipidemia and were randomly assigned to extended release niacin (ERN) alone, ERN combined with the selective prostaglandin D 2 (PGD 2 ) receptor subtype 1 inhibitor laropiprant (ERN-L), or placebo, niacin had a phosphorus-lowering effect across a broad range of kidney function. Robust declines in phosphorus were seen among those with or without CKD, and were sustained for at least 6 months of therapy [21] [22] [23] [24] .
Beyond changes in serum phosphorus, it may also be advantageous to lower serum FGF23 concentrations. Whether dietary phosphorus restriction or phosphorus binders have downstream effects on FGF23 concentrations have been addressed in preliminary studies with variable results [11] [12] [13] . However, to our knowledge, no prior study has examined whether niacin influences FGF23 concentrations. In the present study, we report the effects of ERN and ERN-L versus placebo on FGF23 concentrations and on other mineral metabolism parameters among subjects with an eGFR of 30-74 ml/min/1.73 m 2 enrolled in this trial.
Methods

Participants
Details of the parent study are described in the completed clinical trial reported by Maccubbin et al. (NCT00269204) [23, 25] . Briefly, the parent study was a worldwide, multicenter, randomized, double-blind, placebo-controlled, parallel-group trial with a 24-week treatment period preceded by a 4-week placebo run-in period. Patients who had primary hypercholesterolemia or mixed dyslipidemia and whose serum creatinine was ≤ 1.7 mg/dl were assigned to initiate treatment with ERN-L, ERN (1 g), or placebo in a 3: 2:1 ratio. ERN-L consists of a fixed-dose combination tablet containing 1 g of ERN and 20 mg of laropiprant. Laropiprant is a potent, once-daily, highly selective PGD 2 receptor subtype 1 antagonist that has been shown to reduce the incidence and intensity of niacin-induced flushing [26] and acts independent of niacin's lipid-modifying pathway [27] . Study drug allocation was stratified by ongoing statin use and study site. After 4 weeks of double-blind treatment, doses were doubled (two tablets), increasing the ERN-L dosages to 2 g/40 mg and the ERN dosage to 2 g for the remaining 20 weeks. Patients were instructed to take the study drug or placebo once daily with food in the evening. There were nine scheduled clinic visits at weeks -4, -2, 0, 2, 4, 8, 12, 18, and 24. The study protocol was reviewed and approved by the appropriate ethics committees/institutional review boards, and all patients provided written informed consent. The study was conducted under the guidelines established by the Declaration of Helsinki and Good Clinical Practice standards.
Measurements
Laboratory determinations were performed on fasting serum samples. After separation, serum was immediately transferred into cryovials, refrigerated at 4 ° C, and shipped overnight under refrigerated conditions to the central laboratory (PPD Global Central Laboratories, Highland Heights, Ky., USA, or Zaventem, Belgium) for analyses within several hours of receipt. Concentrations of serum phosphorus, calcium, and albumin were determined using photometric methods and of serum creatinine by the Jaffe kinetic method, on a Roche modular automated clinical chemistry analyzer.
Serum calcium concentrations were adjusted for serum albumin concentrations <4 g/dl using the following formula: Corrected total calcium (mg/dl) = total calcium (mg/dl) + 0.8 × [4 -serum albumin (g/dl)] [28] . eGFR was calculated from the creatininebased Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula [29, 30] . Glycemic status was determined before randomization for the parent study and designated 'normal,' 'impaired,' or 'diabetes' on the basis of medical history, laboratory evaluations, and clinical judgment. Only the assignment of 'diabetes' was used for analyses comparing diabetic and non-diabetic strata.
Intact serum FGF23, parathyroid hormone (PTH) and vitamin D (25-OHD) concentrations were measured in banked sera (stored at -70 ° C) available from the baseline (week 0) and final follow-up (week 24) visits among 327 patients who had an eGFR of 30-74 ml/min/1.73 m 2 at baseline. There were 219 individuals in the original study with an eGFR of <60 ml/min/1.73 m 2 and were our original target population. Only 109 of these had sufficient residual blood volume to allow measurement of FGF23 at both the baseline and week 24 time-point. Thus we expanded our eGFR inclusion 486 criteria upwards to 74 ml/min/1.73 m 2 based on available specimens and research funds available for measurements. FGF23 concentrations were measured using a two-site enzyme-linked immunosorbent assay (ELISA) (Kainos Laboratories, Inc., Tokyo, Japan). A sample was incubated in a microtiter well with two antibodies that recognize full-length FGF23: a capture antibody coated to the plate well and an HRP-conjugated detection antibody. FGF23 contained in the sample was immunologically bound by the capture antibody and the detection antibody to form a sandwich complex. PTH concentrations were measured in serum on a Roche Elecsys 2010 Analyzer (Roche Diagnostics Corp.) using a sandwich immunoassay method (Roche Diagnostics, Indianapolis, Ind., USA). 25-OH vitamin D (25-OHD) was measured in serum using liquid chromatography/tandem mass spectrometry.
Statistical Analysis
Baseline descriptive statistics included means ± SD, quantiles, and frequencies. Changes in serum phosphorus, calcium, calcium · phosphorus product, FGF23, PTH and 25-OHD concentrations were expressed as means ± SD (geometric means ± SEM for variables that were log-transformed), and compared across the three randomized treatment groups using ANOVA.
The primary objective of this analysis was to examine the changes in serum FGF23 concentrations over the period of the study on the basis of measurements taken at baseline and at 24 weeks across the three intervention groups. The factors determining the changes in serum FGF23 concentrations over the period of the study were also analyzed using a General Linear Model including an interaction term with treatment assignment.
All statistical analyses were performed using SPSS version 14 software. All tests were two-tailed; the α-level was set to 0.05. Confidence intervals (CI) were calculated at the 95% level.
Results
Among the 327 study participants, characteristics at baseline were generally comparable across the treatment arms ( table 1 ), although FGF23 concentrations were slightly higher in the ERN arm, and slightly lower in the ERN-L arms compared to placebo (p = 0.04). Table 2 shows that both the ERN and ERN-L groups showed significant declines in serum phosphorus, calcium, and calcium · phosphorus product at 24 weeks compared to placebo. When the niacin groups were pooled, the mean declines were -0.5 ± 0.4 mg/dl for serum phosphorus, -0.2 ± 0.4 mg/dl for serum calcium, and -4.8 ± 4.6 for the calcium · phosphorus product compared to baseline values (post-hoc Tukey's test showed no significant differences between ERN and ERN-L). In contrast, there was no change (33) 59 (36) 28 (29) 22 ( 487 compared to baseline in the placebo group. We also did not observe a significant change in creatinine or 25-OHD concentrations over 24 weeks in any treatment group.
The change in FGF23 concentration at 24 weeks was significantly different across the three randomization groups (p < 0.01). We observed a 10.9% decline from baseline in the ERN group ( table 2 ; fig. 1 b) . This change differed in the ERN group compared to the placebo group (p = 0.06) and also comparing the ERN group to the ERN-L group (p < 0.01). FGF23 concentrations did not decline significantly in the ERN-L group compared to placebo (p = 0.97), despite similar declines in serum phosphorus concentrations (Tukey's test for paired comparisons).
Sufficient serum was available for PTH measurement in a subset of 97 individuals. This subgroup was similar with respect to age, sex, race, and baseline eGFR to the overall study population (data not shown). Similar to results for FGF23, we noted the most marked declines in PTH in the ERN-only group versus placebo; whereas no change in PTH was observed in the ERN-L group ( table 2 ; fig. 1 c) . The determinants of the change in FGF23 concentrations across all three treatment groups were examined (online suppl. table 1; for all online suppl. material, see www. karger.com/doi/10.1159/000362424). The change in serum phosphorus was the strongest determinant; for each mg/dl decrease in serum phosphorus during follow-up, FGF23 concentrations decreased by 6.6 pg/ml (95% CI, 3.1-10.2). Baseline FGF23 concentrations were also a significant predictor of change in FGF23. For each pg/ml higher baseline FGF23 concentration, FGF23 concentrations declined by -0.4 pg/ml (95% CI, -0.5 to -0.3) over the 24-week study. The fully adjusted model explained 27% of the variance of the change in FGF23 concentrations over the study period. This model included change in serum phosphorus, the baseline FGF23 concentrations, treatment intervention as well as the interaction of the change in serum phosphorus with the treatment intervention. Compared with patients assigned to placebo, patients assigned to the ERN group had a greater decline in FGF23 concentrations for the same change in serum phosphorus.
Discussion
In this randomized double-blind study evaluating ERN and ERN-L versus placebo in 327 dyslipidemic patients with an eGFR between 30 and 74 ml/min/1.73 m 2 , we observed that treatment with ERN led to a decline in FGF23 concentrations by approximately 11% from baseline over 24 weeks. At the same time, we observed no significant effect of ERN-L on FGF23 concentrations compared to placebo. We noted a similar pattern between treatment assignment and serum PTH concentrations, with a decline in the ERN-only group versus placebo, whereas no change in PTH was observed in the ERN-L group. We observed that the magnitude of serum phosphorus lowering during the follow-up period was associated with greater declines in FGF23 during follow-up, and patients assigned to the ERN group had a greater decline in FGF23 concentrations for the same change in serum phosphorus.
In the trade-off to maintain normal phosphorus concentrations as GFR declines in CKD, progressive increases in serum FGF23 and PTH concentrations occur [2, 4] . Prospective studies in pre-dialysis CKD, incident and prevalent end-stage renal disease, and kidney transplant recipients demonstrate that elevated FGF23 concentrations are independently associated with progression of CKD and development of CVD events and mortality [1, 2, 4, 31] . While KDIGO recommends keeping phosphorus within the normal reference range in CKD stage 3-5, most such patients have normal phosphorus concentrations [32] and may nonetheless have abnormally high FGF23 and PTH concentrations. While there is evidence from observational studies that use of phosphate binders among patients with CKD with serum phosphorus predominantly in the normal range lowers the risk of mortality by nearly 40% [33] , investigators have suggested that perhaps FGF23 should be a target for randomized clinical trials rather than phosphorus [13] . However, prior studies have been conflicting about the efficacy of intestinal phosphorus binders or dietary phosphorus restriction on circulating FGF23 concentrations. Given the marked reductions in phosphorus observed with niacin in prior studies, we hypothesized it might also lower FGF23. We had no a priori hypothesis that the effect of ERN on FGF23 would differ by concomitant laropiprant use. Thus, our results only partially confirmed our hypothesis, as the ERN-only arm lowered FGF23, whereas ERN-L did not.
The mechanisms to explain differential effects of ERN versus ERN-L on FGF23 are uncertain. Laropiprant is a selective PGD 2 receptor subtype 1 inhibitor that reduces niacin-induced flushing [25, 34] . It appears clear from our analysis, and the earlier reports from the parent trial, that laropiprant did not interfere with the phosphorus-lowering effect of niacin. However, whether it may have a role in the phosphorus-sensing axis that might differentially affect FGF23 homeostasis is unknown. The mechanism by which serum phosphorus concentrations translate to regulation of FGF23 secretion in bone cells, and whether prostaglandin inhibitors impact this axis, is presently unknown. In vitro data suggest that PGD 2 stimulates sodium-dependent phosphorus uptake in proliferating MC3T-E1 osteoblast-like cells. Both osteoblasts and osteoclasts are influenced by the D-type prostanoid receptor [35] [36] [37] . Thus, if there are truly differential effects of ERN versus ERN-L on serum FGF23 concentrations, then laropiprant alone may interfere with phosphate sensing or uptake by bone cells and influence FGF23 regulation. We also observed that ERN lowered PTH, whereas ERN-L did not. PTH is known to stimulate FGF23 generation [3, 38] , but any putative effects of laropiprant on PTH regulation are unknown. If laropiprant increased PTH, then PTHinduced upregulation of FGF23 is another possible mechanism consistent with our results. At the current time, laropiprant has been withdrawn from the market but may yet provide an interesting avenue of research to understand the mechanisms of regulation of FGF23 and PTH.
The effect of niacin on FGF23 lowering appeared to be related to the magnitude of phosphorus lowering. Inter-estingly, FGF23 lowering by niacin treatment also appeared to be most dramatic among patients who had the highest FGF23 concentrations at baseline. While it is possible that the therapeutic advantage of niacin for FGF23 lowering may be realized only beyond a threshold of clinically significant physiological derangements in mineral metabolism parameters, there are alternative explanations. Differences in dietary phosphorus intake between the ERN and ERN-L interventions could be speculated, but intestinal side effects were not dissimilar in the two arms. Assessment of dietary phosphorus intake would have been valuable as would have serum 1,25(OH) 2 D 3 concentrations, but these were not available in the parent study. A third possibility is regression to the mean. At baseline, both the placebo and ERN-L groups had FGF23 levels of approximately 40 pg/ml, and did not change significantly during follow-up. In contrast, the ERN group had baseline FGF23 levels of approximately 44 pg/ml at baseline, and came down to approximately 40 pg/ml at follow-up. It is possible that each treatment groups' true average FGF23 level was 40 pg/ml at baseline, and that the higher level observed in those randomized to ERN was a chance finding rather than due to biological effects of the drug. However, the ERN group also experienced greater PTH reduction than either the placebo or ERN-L group, suggesting the observations more likely reflect biological effects of ERN then chance. Future studies will be required to confirm our findings. Finally, given the complexity of FGF23 regulation, simply lowering serum phosphate may not be sufficient to achieve FGF23 lowering, a point that should be considered when using FGF23 as a target for intervention for clinical end-points.
There was a 6.0 pg/ml relative difference in change in FGF23 comparing the ERN and placebo arms in our study (FGF23 decreased by 4.8 pg/ml in the ERN arm versus a 1.2 pg/ml increase in the placebo arm). The clinical significance of this magnitude of change in FGF23 is uncertain. Some prior studies have suggested more dramatic changes in FGF23 with certain binders, while other studies have not. Still others have found varying results of binders depending upon the FGF23 assay that was used [10, 39] . Thus, whether ERN or binders are more effective in influencing FGF23 is presently uncertain and will require a study designed with both a binder and ERN arm. Moreover, FGF23 is extremely strongly associated with CVD events [31, 40] , an association that is consistently stronger than that of serum phosphate with the same endpoint [41] [42] [43] [44] . If this association proves to be causal, then even very modest decreases in FGF23 may ultimately prove to be clinically relevant.
In summary, in this randomized, double-blind, placebo-controlled trial among hyperlipidemic patients with an eGFR of 30-74 ml/min/1.73 m 2 , ERN alone, but not in combination with laropiprant, lowered FGF23 and PTH concentrations. If these findings are confirmed, niacin may be a practical intervention strategy to simultaneously lower phosphorus and FGF23 concentrations among patients with CKD.
